Abstract-Verification of declared enrichment and mass in storage cylinders is of great interest in nuclear material nonproliferation. Nondestructive assay (NDA) techniques are commonly used for safeguards inspections to ensure accountancy of declared nuclear materials. Common NDA techniques used include gamma-ray spectrometry and both passive and active neutron measurements. In the present study, neutron spectrometry was investigated for verification of enrichment in 30B storage cylinders based on an unattended and passive measurement approach. MCNP5 and Geant4 simulated neutron spectra, for selected enrichments and filling profiles, were used in the investigation. The simulated neutron spectra were analyzed using principal component analysis (PCA). The PCA technique is a well-established technique and has a wide area of application including feature analysis, outlier detection, and gamma-ray spectral analysis. Results obtained demonstrate that neutron spectrometry supported by spectral feature analysis has potential for assaying enrichment in storage cylinders. Results from the present study also showed that difficulties associated with the filling profile and observed in other unattended passive neutron measurements can possibly be overcome using the approach presented.
I. INTRODUCTION
S AFEGUARDS activities at uranium enrichment facilities require accurate, independent, and preferably unattended measurements of uranium enrichment and mass for each cylinder with contents that are either a process input or output. Current NDA techniques tend to rely upon gamma measurements or both passive and active neutron measurements [1] . The most common and classic gamma-ray technique used for assaying cylinders is based upon detection of the 186 keV gamma-ray from and is known as the enrichment meter [2] . This technique is highly constrained by the assumption of uniform mass distribution within the storage cylinder and is only sensitive to the mass within few centimeters from the wall of the storage cylinder due to self-absorption. This makes the technique unfavorable for assaying the inner volume of the mass and making it impossible to detect certain diversion scenarios. High energy gamma-ray techniques may have the advantage of assaying the entire volume due to relatively reduced self absorption. However, it has been observed that biasing from impurities found in the deposit, known as heel, from previous use of the storage container may impact the quality of data from these techniques [3] , [4] .
Passive and active neutron techniques have the advantage of assaying the entire volume of the cylinders. The passive neutron assay technique is based on gross measurements of the fast neutron flux that originates from the cylinders. Very few neutrons are generated directly from in . A significant fraction of the emerging neutrons is generated from spontaneous fission (SF) and reaction. The passive technique relies upon an underlying assumption of constant ratio so that the measured neutron flux is linear with enrichment. Simulation results using detectors showed that the passive technique is dependent on the filling profile, which can result in ambiguity in the level of enrichment [5] . The active neutron assay techniques, on the other hand, are based on thermal neutron probing of the mass and the detection of induced fission neutrons from . Unlike the passive approach, the active neutron approach does not require the underlying assumption that the ratio be constant. However, application of the active technique in unattended measurements is difficult and requires special detection geometry [1] , [6] . Current active approaches are designed with a neutron detector in contact with a cylinder to allow better detection efficiency. These approaches, however, may not be supported in unattended measurements where a minimum stand-off distance is required for safe movement of the cylinders.
The neutron spectrum is comprised of three signature components from processes that generate significant neutron population in the . These are: 1) spontaneous fission (SF) neutrons from ;2) neutrons produced by nuclear reactions of alpha particles, from the decay of and , with fluorine atoms ( ); and 3) induced fission neutrons resulting from fission reactions. There are very small differences in the induced and spontaneous fission neutron energy spectra, but the neutron energy spectrum is substantially different. The relative contribution of these signature neutron populations is a function of the uranium isotopes fractions in a particular cylinder, and may result in neutron spectral features that can be exploited in the determination of enrichment. However, these spectral features may not be visibly identifiable in the measured neutron pulse height spectrum due to the U.S. Government work not protected by U.S. copyright. neutron detector's response function. This is mainly true when using organic scintillators, such as liquid scintillators, for neutron spectrometry. Liquid scintillators are favored in general for neutron spectrometry due to their neutron-gamma pulse shape discrimination (PSD) capability. It would be difficult to visibly discriminate enrichment related features in measured neutron spectrum due to their energy resolution. A sensitive method is necessary to identify intrinsic features attributed to the measured neutron spectrum and therefore enable discrimination and verification of enrichment. The conceptual framework in the present study is that for a given declared enrichment, the measured neutron spectrum has the above described characteristic features. Departure from these expected features may indicate an anomaly, and with a proper metric defined, the corresponding enrichment can possibly be identified.
In this paper, we present an investigation made using simulated neutron spectra and principal component analysis (PCA) to discriminate spectral attributes that can be used for unattended and passive characterization of enrichment in storage cylinders. The PCA technique has proven to be a useful approach in data characterization, feature analysis, anomaly detection, image classification, gamma-ray spectral analysis, etc. and has a broad area of application [7] - [11] . MCNP5 [12] and Geant4 (version 9.4) [13] were respectively used to model neutron transport through a 30-B storage cylinder and then through liquid scintillator cells used for neutron pulse height spectrum detection. The 30-B cylinder is used to store low enriched uranium (LEU) and has a diameter of 30 in [14] . It has a storage capacity of 2277 kg. The 30-B cylinder is limited to a maximum allowable enrichment of 5% for criticality safety. The liquid scintillators were chosen as neutron spectrometers due to their effective neutron-gamma discrimination capability.
II. MCNP5-GEANT4 SIMULATIONS

A. Neutron Source Spectra
To the best of the authors' knowledge, there has been no report on neutron energy spectrum measurement prior to this study. However, total neutron yields have been measured and reported in a number of papers [15] , [16] . The present simulation study therefore is based on neutron energy spectra generated using the SOURCES-4C code [17] . enrichments of 0.3% (depleted uranium, DU), 0.718% (natural uranium), 1%, 2%, 3%, 4%, and 5% were considered in the simulations. The neutron source spectra for the different enrichments were based on the uranium isotopic fractions from [1] . Assuming linearity in the and fractions, corresponding fractions for enrichments of 1%, 2%, 3%, and 4% were determined. Table I shows the percentage fractions as a function of percentage enrichments. The isotopic fractions were then used in SOURCES-4C to calculate the SF and ( ) neutron spectral distributions, shown in Fig. 1 . As can be seen in the figure, for increased enrichment the spectral tail above 2.5 MeV from SF decreases due to decrease in fraction. The ( ) neutron distribution, which is entirely below about 2.5 MeV increases with enrichment and reveals a shift to higher energy as shown in the inset. This energy shift is due to the in- crease in significance and energy of the particles (4.859 MeV) from . At 0.3% enrichment, the 's from (4.27 MeV) are more significant and have a rate twice that of 's from . At 5% enrichment, the 's from have a rate nearly eight times that of 's from . In addition to the higher rate, the increase in the energy ( MeV) will result in increase of the neutron energy and therefore the observed shift in the spectrum. In the present study, the total neutron rate was varied from neutrons/sec cm at 0.3% enrichment (DU) to neutrons/sec cm at 5% enrichment. The number of source neutrons in the simulation was constant for all enrichments. Using the same total neutron source events for all enrichments will help avoid bias in the PCA analysis that may result from counting statistics. More details on the PCA implementation are given in Section III. The neutron source number was calculated based on ten hours equivalent measurement time of a maximum load of DU in a 30-B cylinder. Maintaining the same number of neutron source events means higher enrichments simulations have a shorter equivalent measurement time. For the 5% enrichment the neutrons simulated were equivalent to 1.5 h measurement time.
B. MCNP5 Simulation
MCNP5 was used to simulate the neutron transport through the mass in the 30-B cylinder. Determining the filling filling profiles used for 30-B cylinder simulations [1] . Profiles considered range from a shell geometry with 100% of the mass located in a shell of uniform thickness distributed across the 30-B cylinder wall (left most profile) to a pool geometry where no is located in a uniform thickness, (right-most profile). In all profiles considered the total mass of the was kept at the maximum shipping mass of a 30B cylinder, 2277 kg, [14] .
profile in a 30-B cylinder is a challenging task. The profile depends on the way the is filled in the cylinder and also on the storage conditions of the cylinder [6] . In the present study, profiles considered in [1] and shown in Fig. 2 that represent maximum variability in the mass distribution were used in the simulations. The simulated profiles range from a shell geometry with 100% of the mass located in a shell of uniform thickness distributed across the 30-B cylinder wall to a pool geometry where the is completely pooled and none is placed in a shell of uniform thickness. Intermediate profiles where 75%, 50%, and 25% of the mass is found in a shell of uniform thickness were also considered. In all profiles considered the total mass of the was kept at the maximum shipping capacity of a 30-B cylinder, 2277 kg, [14] and a density of g/cm was assumed. Neutron transport simulations were performed using MCNP5, and the PTRAC output option was used to record the position, momentum, and energy of neutrons at several surfaces, shown in Fig. 3 . These surfaces represent planes where the neutron flux is incident upon liquid scintillator detectors. The neutron energy flux is then generated in a subsequent Geant4 simulation to calculate the detector response at each location. The neutron spectral distributions emerging from a shell profile along the Z-axis on detector 1 plane are shown in Fig. 4 . The order in the plots, depicting different enrichments, changes at different energy regions as shown in the insets. Higher energies increasingly become significant for increased enrichments due to the induced fission neutrons. For a given fixed enrichment, spectral distributions simulated at the different detector planes, shown in Fig. 3 , are almost identical and are within statistical uncertainty. Fig. 5 shows the spectra at the different detector planes for 3% enrichment and pooled profile.
C. Geant4 Simulation
Geant4, version 9.4., was used to transport neutrons inside the liquid scintillator detectors. Geant4 was chosen to model the detector response because it allows discrimination of recoil protons and heavier charged particles, such as carbon, which is not possible using MCNP5. A total of sixteen right cylindrical liquid scintillator cells, each with 12.7 cm diameter and 5.08 cm length, were simulated at each location shown in Fig. 3 . The scintillator cells have the same geometric and material specifications of the front array of the neutron scatter camera (NSC) developed by Sandia [18] . Using multiple liquid scintillator cells allows for better detection statistics in a fixed measurement time by summing the spectra. However, it is crucial to confirm that Fig. 3 ). The 3% enrichment spectral distributions from the pooled profile are within statistical uncertainty at the locations selected.
differences in the observed spectra are exclusively statistical at a fixed location. The detector locations, shown in Fig. 3 , were chosen to account for the variability of the source-to-detector geometry and therefore investigate the impact in the present approach. The neutron energy deposition in each scintillator cell was recorded and binned into 150 channels representing neutron energies from 0 to 15 MeV. For each enrichment all five different filling profiles were considered. The detector response was generated for each of the sixteen liquid scintillator cells at each detector location, producing a total of 320 simulated neutron spectra for each enrichment considered.
Using the simulated spectra and the PCA technique, an investigation was made to determine the spectral features' dependence on enrichment and 30B cylinder filling profile. Other factors that can possibly contribute to spectral features, mainly scattered neutrons from the surrounding environment and ambient gamma flux that can be misidentified as neutron pulse were not considered. The justification for these simplifications is that we are considering an unattended measurement with a fixed source-to-detector setup. For a fixed detection setup the scattered neutron spectrum from surrounding environment is unchanged between measurements. However, variation in the scattered neutron intensity due to variations in enrichments is expected. The requirement for normalization of spectra in the subsequent PCA analysis, however, eliminates the scattered neutron intensity variability. A similar argument may be made regarding the ambient gamma flux that contaminates the neutron spectrum. The intensity of gamma flux may vary as a function of enrichment. This may be handled through normalization of measured spectra before the PCA analysis. But the energy of the gamma flux and therefore the gamma spectral features remain the same in all measurements and will not impact the PCA analysis. The only caveat is if the gamma flux overwhelms the neutron flux. In such circumstances spectral features from the neutron flux may become less significant and discrimination of enrichments using PCA technique may be problematic. Effective pulse shape discrimination (PSD) should be used to mitigate such difficulty. It has been demonstrated in [19] that gamma rejection in the excess of 1000:1 can be achieved using PSD.
III. APPLICATION OF PRINCIPAL COMPONENT ANALYSIS
A. Principal Component Analysis (PCA)
PCA is a mathematical technique involving a procedure that transforms a number of correlated variables into uncorrelated variables called principal components (PC). The first principal component accounts the maximum variability in a given measured or simulated data and succeeding components account for progressively smaller magnitude of the remaining variability. Each principal component is given as a linear combination of the original correlated variables as (1) where are coefficients and are also known as the eigen vectors or loadings and represents the original correlated variables. PCs calculated in this way are orthonormal (uncorrelated) and are equal in number, , to the original correlated variables.
However, the top few PCs can effectively describe the original data variability or features. This explains why PCA is considered as a technique for dimensionality reduction. A more detailed account on PCA and formulation of (1) is given in [7] . The PCA technique has proven to be advantageous in various fields including data characterization, feature analysis, anomaly detection, image classification, and gamma-ray spectral analysis. The two major goals in the use of PCA are: 1) reduction of dimension in the data; and 2) identification of underlying meaningful variables or features in the data. The latter is the advantage we would like to exploit for enrichment identification.
B. Neutron Spectrum Feature Analysis using PCA
Before implementation of PCA, the energy spectra from the Geant4 simulation were processed using the measured light yield and energy resolution [20] of the simulated liquid scintillators to generate a realistic neutron pulse height spectum (PHS). Additionally, the simulated spectra were count normalized to exclude any variabilty other than spectral features. Fig. 6 shows representative simulated neutron PHS for 0.3%, 3%, and 5% enriched that correspond to a shell profile in the 30B cylinder. Significant smearing of energy spectral features results when processing the absorbed energy spectrum using the detector response function. However, it is obvious from the plot that the three enrichments represented show visible spectral differences between 0.24 and 1.2 MeVee. This energy range represents the ( ), SF, and induced fission neutrons. The ( ) neutron spectrum has a maximum energy of about 2.5 MeV and an equivalent maximum electron energy of about 0.54 MeVee when absorbed in the liquid scintillators [20] . Above 1.2 MeVee statistical fluctuation in the counts becomes increasingly significant, which can impact the PCA implementation. To mitigate any such impact, it may be necessary to increase the measurement time of the neutron spectrum. Alternatively, spectral smoothing can be used provided the smoothing does not alter the underlying features of the measured neutron spectrum. In the present study a low pass filter known as Savitzky-Golay (SG) or polynomial filter [21] was used to suppress the impact from high frequency artifacts. Neutron spectral features described in Section I are low-frequency signatures and will not be affected by the SG filter. Fig. 7 demonstrates the SG filter performance on a simulated spectrum. As can be seen in the figure, the variance at the higher energy end of the spectrum can be significantly reduced using the SG smoothing. The lowest neutron energy considered in the analysis was 0.1 MeVee. This was based on typical threshold used in measurements [18] . The neutron PHS was rebinned into ten energy groups that range from 0.1 to 7.5 MeV. Rebinning of the data was necessary because the energy resolution of liquid scintillators limits the number of energy groups that are practical in feature extraction from the pulse height spectrum. The number of groups and group width were flexibly varied until optimal discrimination of enrichments was achieved using the calculated PCs. A similar approach and detailed analysis was made using plastic scintillators in gamma-ray spectrometry by Ely et al. [22] . In the present study, a 100 keV bin width was used between 0.1 and 1 MeV and a single bin was used for the Fig. 6 . A neutron pulse height spectrum (PHS) for 0.3%, 3%, and 5% enriched . Measured light yield and energy resolution [20] were used to calculate the PHS. Fig. 7 . Neutron pulse height spectrum (PHS) with and without smoothing using the Savitzky-Golay (SG) filter [21] . The SG filter suppresses statistical fluctuations in the neutron pulse height spectrum (PHS). energies between 1.0 and 7.5 MeV to produce statistically-significant counts in the upper energy bin. Using the ten energy groups, applying the PC transformation will result in ten PCs.
The approach in the current PCA implementation assumes a reference PC transform, alternatively called as a reference PC space, and is defined by a declared enrichment in a 30B cylinder. For the present PCA implementation a 3% enrichment was used as the declared enrichment and therefore was used to train the PC transformation. Training of the PC transformation involves the evaluation the eigen vectors [equation (1)] and other related parameters used in the linear transformation of the rebinned neutron spectra. Subsequent simulated or measured data from a 30-B cylinder are processed with this PC transformation and may either be within the same 3% PC distribution, if having 3% enrichment, or identified as an outlier. With appropriate metric calibration, the enrichment of an anomalous distribution can be estimated.
C. Enrichment Classification
The Mahalanobis distance (MD) [23] is a common distance metric used in PCA implementation. Unlike other distance metrics, such as the Euclidean distance, the MD gives a varianceweighted distance for the projected PCs from the reference PC and was used as a classifier. The MD is given in equation (2) and can be used as a classifier to determine enrichments in measurements (2) In equation (2), vand are vectors or distributions with mean values and . is the covariance of the distributions. It represents the degree to which the distributions, herein the PCs, are linearly correlated. In the present implementation, the MD was calculated between each enrichment and the reference enrichment using the calculated PCs. After calculating the MD the receiver-operating characteristic (ROC) curves as a function of the false positive probability (FPP) was generated. The ROC curve enables to assess the performance of a classifier, where in the present case is the MD, at various FPP settings. The accuracy of the implemented technique can then be determined using the area under the ROC curve (AUC).
IV. RESULTS AND DISCUSSION
Initial PCA implementation proved that for each detector location considered in Fig. 3 , the differences in the neutron PHS between the sixteen liquid scintillators cells are mainly statistical. This was done by plotting the PCs initially calculated for all sixteen detectors. Based on this finding, subsequent PCA implementation adopted a single detector approach in which all sixteen neutron spectra at a given location were summed to produce a single neutron PHS. Figs. 8 and 9 show the plots, also known as biplots, of the calculated PCs for the single (summed) detector geometry arrangement before and after implementation of the SG filter, respectively. Since the variance gets progressively smaller from higher to lower PCs, the plots were made using consecutive PCs that are defined on orthogonal axes for better visualization of the distributions. Individual enrichments are represented by twenty PC scores that are from the four detector locations and five cylinder filling profiles considered. The variance in the PC scores can possibly be attributed to: 1) characteristic features from the different neutron population discussed in Section I; 2) differences in the geometry related features from the four locations considered; 3) variation in filling profiles; and 4) statistical variance from the simulated neutron PHS, mainly at higher neutron energies. Results from the present study show statistical variance is a significant component in the calculated PCs. PC plots generated before the SG implementation, Fig. 8 , indicates overlap between the reference 3% enrichment with adjacent enrichments for higher PCs. Relatively better separation in the enrichments can be seen for lower PCs, as it the case for PC5 to PC9. The application of the SG filtering has enabled significant improvement in the separation of the 3% from the other enrichments. This is evident in Fig. 9 , which shows the first five PC plots. Almost all enrichments were discriminated from the 3% reference enrichment using the first Fig. 8 . Plots of the nine PCs based on the single detector geometry arrangement. The PC space was trained using all possible locations and profiles and with a 3% declared enrichment. Data were not smoothed in the analysis.
two higher PCs. The improvement achieved using the SG filtering indicates that statistical noise in the neutron spectra has considerable impact in PCA implementation. It can be seen that there is still some overlap between the 3%, 4%, and 5% enrichments. The enrichment in the range between 3% to 5% or slightly higher can be challenging for clean discrimination.
Referring to the neutron energy spectra in Fig. 1 , the fraction of neutrons in the high energy tail decreases continuously when increasing the enrichment in orderly fashion. This is in accordance with the fraction of the that gives the only high energy tail from SF in the source spectrum. The high energy tail is ordered from high at 0.3% to the lowest at 5% enrichments. After the neutron transport through the mass, although the order in the SF contribution remains the same, the induced neutron population gets added to the high energy tail and will alter the order as a function of enrichment. This is seen in Fig. 4 . It is also evident in Fig. 6 that has the 5% enrichment nestled between the 3% and 0.3% enrichments. There is a reversal in the order of the tail as a function of enrichment due to the significance of the induced neutrons. The reversal can also be seen in Fig. 9 . The PC distributions move from right to left as the enrichment is increased, but reverses Fig. 9 . Plots of the five PCs based on the single detector geometry arrangement. The PC space was trained using all possible locations and profiles and with a declared 3% enrichment. Data were smoothed using the Savitzky-Golay (SG) filter [21] . Fig. 10 . PC1 versus PC2 including a test enrichment simulated at 12%. The induced to SF neutron ratio increases at higher ( ) enrichments enabling effective discrimination. direction beyond the 3% enrichment. The reversal in the order of the high energy tail will result in some overlap of the high energy tail between enrichments close to 3%. The overlap can improve or get worse depending on the counting statistics within the high energy tail. This in turn may affect the accuracy in classification of the enrichments using the MD metric.
The induced-to-SF neutron ratio increases as the enrichment increases. This results in better discrimination at higher ( ) enrichments. Although the 30-B cylinder is not designed to store enrichments above 5%, a randomly picked 12% enrichment was simulated to prove the case. Fig. 10 shows result from this simulation with other enrichments. As can be seen in the PC plot, the 12% enrichment is clearly discriminated using the present technique. Fig. 9 proves that the neutron PHS may be represented by the first two PCs that evidently show enrichment attributes associated with neutron spectral features. At lower PCs ( ), there is less information related to the enrichment attributes and the plots in Fig. 9 reveal increasingly less discrimination among the different enrichments. Despite the significant variability in the profile, it was possible to discriminate the different enrichments simulated. The PCA approach in the present study has shown encouraging results demonstrating the possibility of overcoming difficulties related to the filling profile that are reported in other passive neutron approaches. Fig. 11 compares the reference enrichment (3%) with 2%, 4%, and 5% enrichments using the first two significant PCs. The MD was used as a classifier to draw a line between the enrichments. Each point on the line is calculated to represent a location on the PC space having equal MDs from the centroids of both distributions compared. It was possible to calculate the MD line for all enrichments compared to the reference 3% enrichment. However, discrimination between the 4% and 5% enrichments, shown at bottom right, was difficult and the MD line could not be calculated. High energy tail overlap and poor statistics are the reasons for difficulty in the discrimination and therefore in calculating the MD line using the first two significant PCs.
Using the MD metric, ROC curves generated using the first five PCs for the dataset with no SG smoothing are shown in Fig. 12 . The Y-axis represents the sensitivity or the true positive and the X-axis represents the false positive also given as one minus specificity (true negative). The accuracy (AUC) in the classification of individual enrichments is shown in the legend. Including more PCs can possibly increase the accuracy, but this will be at the compromise of increasing dimensionality. For the dataset with no SG smoothing, the first two significant PCs account 79.4% of the variance in the PC space, while the first five significant PCs account 92% of the variance. Fig. 13 shows the ROC curves generated using the first five PCs, accounting nearly 99% of the variance in the PC space, for the dataset with SG smoothing. The AUC is 100% for all except for the 4% and Fig. 11 . Comparison of PC1 vs PC2 plots using Mahalanobis (MD) classifier. Overlap within the higher-energy tail and poor counting statistics makes it difficult to separate 4% and 5% enrichments using the MD classifier. Fig. 12 . ROC curves generated using the first five PCs that explain a sum of 92% variance. Data were not smoothed in the analysis. the 5%, which were determined to be 90.7% and 97.85%, respectively. The first two PCs account nearly 94% of the variance in the PC space.
V. CONCLUSION
The present simulation study has demonstrated that coupling neutron spectrometry with an appropriate technique for feature extraction may allow unattended cylinder monitoring using passive neutron measurements. The current approach has demonstrated an encouraging result by overcoming the filling profiles related problems experienced in other passive neutron approaches. Overlap in the high energy tail and Fig. 13 . ROC curves generated using the first five PCs that explain a sum of 99% variance. Data were smoothed using the Savitzky-Golay [21] filter in the analysis.
poor statistics have been observed to slightly impact results obtained. The outcome from the present study opens the door to the possibility of fast monitoring and verification of cylinders with an efficient detector design. PCA has been also demonstrated as one possible technique that can enable feature extraction and monitoring of in storage cylinders. The present study has not considered spectral distributions from scattered neutrons in the environment, gamma rays that are misidentified as neutrons during the PSD measurements, and background neutrons. These are believed to have negligible impact in the approach investigated as explained in Section II-C.
